A new optical method based on frequency-shift feedback and laser confocal microscopy is presented to noninvasively measure a microstructure inside a sample. Due to the limit of axial resolution caused by poor signal detection ability, conventional laser feedback cannot precisely measure the microstructure. In this Letter, the light scattered by the sample is frequency shifted before feedback to the laser to obtain a magnification. Weak signals that change with the microstructure can be detected. Together with the tomography ability of laser confocal microscopy, the inner microstructure can be measured with high axial resolution.
Microstructures, such as micro-electro-mechanical system devices (MEMS) and binary optical elements, are widely used in fields like biomedicine and the automotive industry. These functional devices always have complex structures, and the packing structure has a layer of protection on the surface. However, the measurement of the microgeometry has an important impact on the performance of the device. Traditional methods, such as the mechanical probe method [1, 2] , scanning microscopy [3, 4] , and interferential optical surface profiling [5] [6] [7] , cannot penetrate into the sample to measure it. The inner structure needs to be corroded from the sample, but then the whole structure will be destroyed. Lee and Li [8] developed submerged optical nanoscopy (SMON) to realize super-resolution imaging of sub-surface nanostructures beyond the optical diffraction limit. In SMON, a highly refractive glass microsphere is immersed in water coupled with a standard optical microscope. However, the radial penetration depth is not sufficient for the measurement. Laser confocal microscopy is a noninvasive optical method to realize tomography measurement, and is usually used to analyze biomedical tissue and cell structures [9, 10] . It is also used for microstructure measurement, for example, MEMS technological evaluation [11] . However, due to the restriction on the power of the detected signal, the sample needs to be highly refractive at the lasing wavelength; thus, when using this method, the laser wavelength should be selected in accordance with the sample's reflectivity to this wavelength. Meanwhile, it also cannot achieve a sufficiently high axial resolution for fine microstructure measurements (its axial resolution is more than ten microns).
In 1979, Otsuka was the first to report the remarkable response of a thin-slice LiNdP 4 O 12 laser to Doppler-shifted feedback originating from a rotating ground-glass plate [12] . For a thin-slice solid laser, the power of the feedback light is proven to be magnified by 10 6 when it is frequency shifted by the laser relaxation oscillation frequency [13] . The benefit from this is ultrahigh sensitivity, and the frequency-shift feedback in a microchip laser has significant advantages for weak signal detection and has been widely applied in metrology, such as velocity measurement [12, 14] , flow measurement [15] , particle sizing [16] , and displacement sensing [17, 18] . In 1999, Lacot et al. introduced the frequency-shift feedback of a microchip laser into a scanning confocal system to realize tomography imaging in threedimensional turbid media [19] . On this basis, Tan et al. [20] utilized optical feedback in a microchip Nd:YAG laser and laser confocal microscopy to locate a pin inserted in an onion at a depth of ∼3 mm. This method realizes a greater penetration depth than the traditional confocal microscopy with a low light power of less than 1 mW. However, this method still cannot be used in microstructure measurements because the axial resolution is dependent by the FWHM of the defocusing curve, which is 15-20 μm, too low for microstructure measurement. Moreover, in this system, the pump light is projected to an Nd:YAG crystal through optical fiber. Both the deformation and tiny shaking of the optical fiber can cause the change of laser polarization, resulting in the fluctuations of the laser output power to suppress a high axial resolution.
In this Letter, based on the frequency-shift feedback of the Nd:YVO 4 laser and laser confocal microscopy, we propose a novel method to measure a microstructure. The linear relationship between the optical feedback light amplitude and the defocusing amount is first calibrated. When scanning the sample in the lateral direction, the amplitude of the feedback light scattered by the sample changes with the sample structure. By comparing the detected feedback light amplitude with the calibrated linear range, the structure can be measured. In the system, a temperature control setup for the laser is introduced to suppress the laser power fluctuations caused by temperature variations, and an a-cut Nd:YVO 4 crystal serves as the light source to ensure the polarization of laser. Thus, power fluctuations caused by laser polarization variation can be avoided. This method has an axial resolution of several nanometers, which is sufficient for microstructure measurement.
The system schematic is shown in Fig. 1(a) . A 0.75 mmthick Nd:YVO4 crystal with 1.1 at.% Nd 3þ concentration (3 mm × 3 mm) serves as the laser resonator, which is pumped by a laser diode. Both surfaces are coated: the input surface is coated to be highly reflective at the laser wavelength of 1064 nm (R > 99.8%) and anti-reflection coated at the pump wavelength of 808 nm (T > 95%), while the output surface is coated to be 5% transmissive at 1064 nm. In the experiments, this laser works in the single transverse mode and single longitudinal mode. The light (frequency ω) is shifted by two acousto-optic modulators (AOMs) to get the frequency shift Ω, which is the driving frequency difference between the two AOMs. The attenuator (ATT) is an adjustable optical attenuator. The backscattered light of the sample returns back to the laser via the original path. Thus, the frequency of the light is shifted again to obtain a frequency shift of 2Ω. In the experiments, 2Ω is set to be 2.4 MHz, which is near the laser relaxation oscillation frequency (2.8 MHz), to obtain a proper feedback magnification in the laser. The magnified feedback light is finally detected by a photodiode, and the amplitude information can be demodulated through the lock-in amplifier at a reference frequency of 2Ω ¼ 2.4 MHz.
In the experiments, because the diameter of the laser waist is only about 13 μm, the source can be regarded as a point light source. The point source combines with the objective to form a reflection laser confocal system. For an ideal confocal system, the detected intensity can be written as [19] :
where z is the defocusing of the sample, sin α is the NA of the objective lens, λ is the laser wavelength, and u is the normalized defocusing of the sample. It has been proven that under weak optical feedback strength, the feedback light-induced laser intensity modulation ΔI can be expressed as [13] 
where I s is the free-running intensity, κ is the effective feedback level, Gð2ΩÞ is the frequency-dependent amplification, 2Ω is the shifted frequency, φ is the phase of the feedback light, and φ s is a fixed-phase shift. For laser confocal feedback system, the combination of Eqs. (1) and (3) can be expressed as
From Eq. (4), we can get the relationship between the amplitude information A and the defocusing amount zðA ¼ I ðzÞÞ. As shown in Fig. 1(b) , with an objective, the defocusing curve (A ¼ I ðzÞ) can be obtained when the objective lens is scanned in the longitudinal direction. When scanning, light from the focusing point of the objective lens almost returns back to the laser to obtain the maximum feedback amplitude. Light from defocused positions will be blocked, and the detected light is less. It should be noted that there is an approximately linear region EF in the defocusing curve, which will be used for the measurement. In the measurement, this region is first experimentally calibrated. We focus the light on the sample surface, then move the objective with a certain step in the longitudinal direction, and simultaneously detect the amplitude A. Here, the longitudinal movement of the objective is provided by a one-dimensional motorized scanning stage (provided by Physik Instrumente). The fitted data points to a line and marks the linear region between the amplitude and the defocusing amount. The fitted result is shown in Fig. 1(c) . When measuring, we focus the laser beam on a special point of the sample, and then scan the sample in the horizontal direction. During scanning, the amount of feedback light changes with the sample structure variations. By comparing the detected amplitudes with the calibrated linear range, the amplitude information can be converted to the sample structure information.
Because the structure is measured by detecting the light intensity, it is necessary to ensure the laser output's intensity stability in order to obtain a high axial resolution. In the Nd:YAG feedback interferometer, the pump light source is a fiber-coupled laser diode, and its output is focused on the crystal via a collimating lens. Because the Nd:YVO 4 crystal has a wider absorption bandwidth and a higher absorption efficiency than the Nd:YAG crystal, it can be directly pumped. There is no need for the fiber-coupled system. Thus, the laser intensity fluctuation caused by fiber shaking can be eliminated. Moreover, with the integrated design of the pump laser diode and the laser, they can be temperature controlled together by a thermo-electric cooler. The laser intensity drifting caused by temperature fluctuation can be reduced by 60%, as shown in Fig. 2 . There is another merit of the Nd:YVO 4 crystal. When the Nd:YVO 4 crystal is pumped along the a-cut direction, its output is always linearly polarized. The stability of the laser polarization can also improve the stability of the laser output power. Based on above, a high axial resolution can be obtained for microstructure measurements. The axial resolution is measured via the longitudinal movement of the objective at steps on a nanometer scale. As shown in Fig. 3 , with different NAs, the different objective lenses result in different linear ranges and different axial resolutions. The experimental measurement axial resolutions are 2, 5, and 11 nm with the objective NA values of 0.65, 0.55, and 0.3. In addition, the lateral resolution is determined by the objective and the wavelength, which can be expressed as a ¼ 0.61λ∕ð p 2NAÞ. When NA ¼ 0.65, the lateral resolution is calculated as 0.7 μm, which meets the requirements for microstructure measurement. The axial penetration depth of the system is determined by the working distance of objective lens and the transmittance of the sample surface at the lasing wavelength of 1064 nm. Theoretically, it is only if the light can pass through the surface to the measuring structure that the feedback light scattered by the measuring structure can be detected, because of the ultrahigh sensitivity. Thus, the structure below the surface can be measured. Now, the working range of the objective lens can reach 20.4 mm.
In order to test the reliability of the system, a silicon grating (made by MikroMasch corporation, the period is 3 μm) has been measured. Because the stage height of the grating is about 500 nm, a large NA is chosen to obtain a high resolution. In the experiment, an objective with a magnification factor of 40× and an NA of 0.65 is used. During the measurement, we first focus the light on the grating surface, and then move the objective slightly in the longitudinal direction to ensure that the beginning measurement position is in the linear range. By scanning the sample in the horizontal direction, the amplitude information can be detected. Compared with the calibrated linear range, the amplitude information can be converted into the surface profile. As shown in Fig. 4(b) , the stage height of the grating is measured to be 498 nm, while the height measured by the atomic force microscope (AFM) is 493 nm with a 6 nm standard deviation. It should be noted here that because of the limitation of lateral resolution, the high-frequency components of the line profile in Fig. 4(b) are attenuated more than those in Fig. 4(a) . The lateral resolution of the system is determined by the NA value of the objective lens and the wavelength; it can be calculated as 1.1 μm by NA ¼ 0.61λ∕ð p 2NAÞ. As shown in Fig. 4(b) , the step profile of the grating can be clearly distinguished, and then the transverse resolution can be obtained to about 1 μm by the image analysis of the step. By comparing it with the result measured by the AFM, the reliability of the system has been proven.
A micro-gyroscope is also measured, as shown in Fig. 5(a) . The micro-gyroscope is composed of a rotor, metal electrodes, and other microstructures, and a 0.5 mm-thick glass is coated on the surface for protection. Figure 5(b) shows the structure of the rotor in the microgyroscope. The rotor has a 270 μm-wide ring structure with through-holes in the ring. Our system can realize the noninvasive inner structure measurement through the protection glass, so there is no need to corrode the rotor from the micro-gyroscope. The cross section of the rotor is shown in Fig. 6 . According to the actual demands, it is necessary to measure the verticality of the inner side of rotor, which is marked by the circle in Fig. 6 . The verticality of the rotor edge is expressed as tilt angel θ between the edge and the sub-face. Actually, the tilt angel θ is designed to be 90°. However, due to an error in the processing, θ cannot be 90°and needs to be precisely measured. Since there is a layer of glass that must be passed through, a long-working-distance objective with a magnified factor of 50× and an NA of 0.55, is selected. During measuring, the rotor below the coated glass is firstly located through the longitudinal scanning. Then we slightly move the objective to select a working position, and finally perform a one-dimensional scan of the sample in the horizontal direction.
The measured results are shown in Fig. 7 . Two peaks in the measured curve respectively indicate the surfaces of the ring. The valley between the two peaks indicates the through-hole in the ring. In the experiments, according to the vertical and horizontal structure variations of the rotor edge, tanðθÞ can be calculated, and then θ can be obtained to estimate the verticality of the rotor edge. Three different positions are measured, and the results are listed in Table 1 . The data in Table 1 can be used to estimate whether the micro-gyroscope rotor meets the fabrication requirements. During the measurements, the light needs to pass through the coated glass twice, and the light power is mostly lost in the propagation. The feedback light power is much lower than 1 mW. However, due to the magnification of the frequency-shift feedback in the laser, the signal can be still detected to ensure a high vertical resolution.
In conclusion, we present a new method to measure a microstructure, which is based on the tomography ability of laser confocal microscopy and the high sensitivity of the frequency-shift feedback in an a-cut Nd:YVO 4 Fig. 5(b) . The red circle shows the edge to be measured. laser. Owing to the high sensitivity of the frequency-shift feedback in the microchip Nd:YVO 4 laser, the linear relation range between the feedback light amplitude and the defocusing distance can be experimentally calibrated. Therefore, the microstructure measurement is converted into a feedback light amplitude measurement. Compared to the traditional laser confocal microscopy, the axial resolution is raised from the tens of microns to the nanometers level. An a-cut Nd:YVO 4 laser is chosen for the laser source to eliminate the light fluctuations caused by polarization change. The source setup is simplified to realize integrated temperature control, which also improves the stability of the system. In this Letter, a silicon grating and a rotor in a micro-gyroscope are measured, which proves the applicability of the system. Other micro-sensors, for example, a micromechanical accelerometer and a micro-flowmeter, can also be measured. Meanwhile, when a microstructure is being used in applied voltage, this method can also be used for the dynamic change measurement of the microstructure.
